The molecular mechanisms controlling post-translational modifications of p21 have been pursued assiduously in recent years. Here, utilizing mass-spectrometry analysis and site-specific acetyl-p21 antibody, two lysine residues of p21, located at aminoacid sites 161 and 163, were identified as Tip60-mediated acetylation targets for the first time. Detection of adriamycin-induced p21 acetylation, which disappeared after Tip60 depletion with concomitant destabilization of p21 and disruption of G1 arrest, suggested that Tip60-mediated p21 acetylation is necessary for DNA damage-induced cell-cycle regulation. The ability of 2KQ, a mimetic of acetylated p21, to induce cell-cycle arrest and senescence was significantly enhanced in p21 null MEFs compared with those of cells expressing wild-type p21. Together, these observations demonstrate that Tip60-mediated p21 acetylation is a novel and essential regulatory process required for p21-dependent DNA damage-induced cell-cycle arrest. A plethora of cellular perturbations stimulate cells to halt their growth progression by activating numerous cell-cycle inhibitors and apoptotic factors. Among these, p21 is a key member whose major function is to suppress the activities of cyclindependent kinases (CDKs).
A plethora of cellular perturbations stimulate cells to halt their growth progression by activating numerous cell-cycle inhibitors and apoptotic factors. Among these, p21 is a key member whose major function is to suppress the activities of cyclindependent kinases (CDKs). 1, 2 This, in turn, leads to cellular growth arrest at a certain stage of the cell cycle mainly as a result of the inhibition of RB or cyclin B phosphorylation. [2] [3] [4] The induction of p21 requires the presence of p53, a potent tumor suppressor, as its major transcriptional regulator. 5, 6 In addition to transcriptional regulation, a variety of regulatory proteins that modulate the activity of p21 in its posttranslational stage have been characterized. [7] [8] [9] [10] [11] [12] [13] For example, several E3 ligases, including CUL1, CUL4, and APC2 complexes, function to constitutively induce destabilization of p21 and facilitate cell-cycle progress. 9 In addition to these ligases, p21 levels are closely monitored under normal cellular conditions by other E3 ligases, such as MKRN1, p53RFP, and RNF126, in order to facilitate senescent-free progression. 11, 13, 14 The interaction of histone deacetylases (HDACs) with p21 was also identified in a recent study, suggesting a possible acetylation process for p21. 15 Tip60, originally identified as HIV-1 interacting acetyltransferase, is a member of the MYST family, which contains MOZ, Ybf2/Sas2, and Sas2 motifs. 16, 17 Tip60-mediated acetylation of H2AX, a member of the histone family of proteins that plays a major role in DNA repair, helps to enhance DNA dynamics upon DNA-damaging stresses. 18, 19 On the other hand, nonhistone proteins targeted by Tip60 include ATM, p53, and Myc, among others. 20, 21 Tip60 can mediate the acetylation of p53 at the lysine residue 120, resulting in increased p53 transcriptional activity with the induction of PUMA and BAX. 22, 23 Several studies have reported that the acetylase activity of Tip60 is enhanced by various stresses such as ER stress, serum deprivation, and DNA damage, including damage due to ionizing radiation and UV irradiation. [24] [25] [26] [27] [28] In vivo studies of Tip60 suggest that it is a haplo-insufficient tumor suppressor, the loss of which can lead to tumor formation in both humans and mice. 29 Taken together, the data presently available indicate that Tip60 is expected to have a significant role in tumorigenesis.
In these studies, we demonstrated that the role of Tip60 in mediating acetylation of p21 at its C-terminus is a novel and significant mechanism for post-translational regulation of cell-cycle progression.
Results
Inhibition of HDAC families promotes p21 acetylation and stabilization, which is reversed upon Tip60 depletion. Previous studies have shown that p21 transcription is regulated by the presence of HDAC inhibitors or Tip60. [30] [31] [32] Interestingly, while experiments using HepG2 and Hep3B cell lines confirmed these previous results, upon treatment with trichostatin A (TSA), an HDAC inhibitor, other cell lines such as HCT116 p53 þ / þ , A549, and HCT116 p53 Figure 2) . Notably, U2OS was not significantly affected by TSA. SAHA and sodium butyrate, also HDAC inhibitors, displayed similar effects as TSA on HCT116 p53 þ / þ cells in terms of stabilizing p21 (Supplementary Figure 3 , data not shown). Overall, these data suggest that HDAC inhibition could be associated with p21 protein stabilization without affecting its mRNA in some cell lines.
The role of Tip60 in cell-cycle regulation is not well defined, which prompted us to evaluate its effects in association with the effects of TSA on p21. To this end, we first analyzed three Tip60 siRNAs, #1, #2, and #3, all of which were able to suppress the expression of endogenous Tip60 by 70-90% in the HCT116 p53 þ / þ cell line (Supplementary Figure 4) . Based on these observations, Tip60 siRNAs #1 or #2 were utilized for Tip60 ablation. Upon Tip60 ablation in the cell lines indicated above, decreases in endogenous p21 protein levels were detected (Figure 1c; Supplementary Figure 5a ). While there were no significant changes in p21 mRNA upon Tip60 knockdown in HCT116 p53 þ / þ , U2OS, A549 or HCT116 p53 À / À cells, HepG2 and Hep3B cells showed a reduction in p21 mRNA levels ( Figure 1c; Supplementary Figure 5b) . Treatment with CHX also resulted in a substantial reduction in the half-life of p21 when Tip60 was ablated (Figure 1d ; Supplementary Figure 6 ). The reduced levels of p21 under Tip60 knockdown in HCT116 p53
þ / þ cells were completely recovered upon treatment with MG132, a proteasome inhibitor, suggesting that the p21 protein levels are regulated at the post-translational level in this case (Figure 1e) . Lastly, the stabilizing effects of TSA on p21 were almost completely abolished upon Tip60 knockdown (Figure 1f) .
We observed increased acetylated p21 levels upon TSA treatment as detected by anti-acetylated lysine (a-Acetyl K) antibodies. This p21 acetylation process was not detected Figure 1 Trichostatin A (TSA), an HDAC family inhibitor, induces p21 acetylation and stabilization, the effect of which is diminished by Tip60 depletion. (a) TSA treatment increases p21 protein levels. HCT116 p53 þ / þ and p53 À / À cells were treated with 10 mM TSA, after which whole cell lysates (WCLs) were obtained and analyzed by immunoblotting (left panel). Concurrent with immunoblotting, the p21 mRNA expression was determined by qRT-PCR analysis (right panel). Relative p21 mRNA levels were normalized to GAPDH mRNA levels, and the presented values represent the fold change. Data are presented as the mean ± S.D. of three independent experiments. (b) TSA treatment increases the half-life of p21. HCT116 p53 þ / þ cells were treated with TSA and CHX (100 mg/ml). Relative p21 proteins were calculated after normalizing to actin (right panel) (c) Depletion of Tip60 reduces p21 protein abundance without affecting mRNA levels. HCT116 p53 þ / þ and p53 À / À cells were transfected with control siRNA, Tip60 siRNA #1, or Tip60 siRNA #2 for 48 h. Proteins (left panel) and relative p21 mRNA levels (right panel) were analyzed as described above. (d, e) Tip60 depletion reduces the half-life of p21. Cells transfected with control siRNA or Tip60 siRNA#1 were treated with either CHX or MG132 (10 mM). Relative amounts of p21 were quantified and normalized to actin (right panel). (f) TSA-induced p21 stabilization is abrogated in the absence of Tip60. (g) TSA treatment induces p21 acetylation. Following transfection of HCT116 p53
þ / þ cells with control siRNA or Tip60 siRNA#1, cells were treated with MG132 or TSA for 4 h. WCLs were immunoprecipitated using anti-acetylated lysine antibodies. C, #1, and #2 represent control siRNA, Tip60 siRNA #1, and Tip60 siRNA #2, respectively upon depletion of Tip60 due to the destabilization of p21 (Figure 1g, lanes 4 and 5) . Unlike the stabilization of p21 by TSA, p21 stabilized by MG132, a proteasome inhibitor, was not acetylated, as shown in lane 2 of Figure 1g . In conclusion, Tip60 seems to be necessary for maintaining the stability of p21 protein, since Tip60 ablation induces a drastic destabilization of p21, regardless of TSA treatment, without affecting p21 mRNA levels.
The HAT motif-containing domain of Tip60 is required for interaction with the C-terminus of p21. The correlation between the levels of Tip60 and p21 proteins next led us to examine if the proteins could interact with each other. Immunoprecipitation analyses showed that exogenously expressed or endogenous proteins could indeed interact with each other (Supplementary Figures 7a-c) . Using recombinant proteins (His-p21 and GST-Tip60) in GSTpulldown assays, we confirmed that the two proteins were able to directly bind (Supplementary Figure 7d) . Domain mapping showed that the C-terminus of p21, a region consisting of residues 139 and 164 of p21, was responsible for its interaction with Tip60 (Supplementary Figure 7e) . Immunofluorescent analyses showed that Tip60 and p21 or its truncated forms were mostly colocalized, excluding the possible effects of cellular localization on complex formation between Tip60 and p21 mutants (Supplementary Figure 8 ).
Multiple C-terminal domains of Tip60 might also be responsible for its interaction with p21 ( Supplementary  Figure 9a) . Specifically, Tip60 fragments 212-364 and 390-511, both of which lack the histone acetyltransferase (HAT) motif, displayed a rather weak binding affinity for p21 compared with that of the 365-511 fragment containing the HAT motif. These observations were further confirmed using a HAT deletion Tip60 mutant (DHAT), HAT mut 33 or Tip60 wildtype (WT). The results demonstrated a very weak interaction between p21 and DHAT but not with others, suggesting that the HAT domain is necessary for p21 interaction (Supplementary Figure 9b) . In conclusion, the data related to binding between Tip60 and p21 suggest that the C-terminus of each protein is required for their interaction.
Tip60 stabilizes p21 at the post-translational stage. The destabilization of p21 in the absence of Tip60 and the direct interaction between the two proteins prompted us to ask if there was a possible role for Tip60 in mediating p21 protein stabilization. Increasing concentrations of overexpressed Tip60 led to corresponding stabilization of exogenous and endogenous p21 (Figures 2a and b) . The assumingly saturated concentrations of p21 protein following treatment with MG132 were also achieved by overexpressing Tip60, implying that Tip60 itself might help stabilize p21 protein by suppressing proteasome-dependent degradation of p21 (Figure 2c ). The half-life of exogenous p21 as determined induces the ubiquitination of p21. Control siRNA or Tip60 #1 siRNA were transfected in HCT116 p53 þ / þ cells and then transiently transfected with the constructs expressing HA-Ub. WCLs were analyzed using the ubiquitination assay under denaturation condition. Ubiquitinated forms of p21 were detected using anti-HA antibodies (upper panel) and immunoprecipitated p21 were detected in bottom panel by CHX treatment was about 1 h in our hands, while p21 was minimally degraded in the presence of Tip60 during the course of 6 h, further confirming the post-translational stabilizing effects of Tip60 on p21 (Figure 2d ). Since Tip60 is an acetyltransferase containing a HAT domain, we assumed that the acetylation activity of Tip60 was an essential factor for p21 stabilization. To address this possibility, two Tip60 mutants, HAT mut and DHAT, along with Tip60 WT were evaluated for the ability to stabilize p21. The Tip60-mediated stabilization analyses showed that, unlike Tip60 WT, both mutants were unable to stabilize p21 ( Figure 2e ). The failure of HAT mut to stabilize p21 suggests that its acetyltransferase activity might be essential for p21 stabilization. One possible explanation for the stabilization of p21 in the presence of Tip60 is that Tip60 might disrupt ubiquitination of p21. Consistent with this possibility, the addition of Tip60 but not of HAT mut was able to suppress exogenous p21 ubiquitination under denaturing conditions ( Figure 2f ). Tip60 ablation increased levels of endogenously ubiquitinated p21 under denaturing conditions, indicating that Tip60 might negatively regulate p21 ubiquitination and degradation processes ( Figure 2g ). In both cases, general ubiquitination analyses were performed without any specific E3 ligases, as previously reported. 13, 34 In summary, the intact acetyltransferase activity of Tip60 was required for p21 stabilization, which likely occurred through the direct suppression of p21 ubiquitination. These observations suggest that acetylation of p21 by Tip60 might hinder p21 ubiquitination and its subsequent degradation.
The K161 and K163 sites of p21 are major targets for Tip60-mediated acetylation. The results of our study thus far suggested that Tip60 directly mediates p21 stabilization through the possible acetylation of p21. To confirm this possibility, HA-p21 was immunoprecipitated in the presence or absence of Tip60 using a-Acetyl K antibodies. The data indicated that exogenous HA-p21 was immunoprecipitated by these antibodies only in the presence of WT Tip60 (Figure 3a) . Specifically, and consistent with our stabilization data, co-expression of the HAT mut with p21 did not lead to the immunoprecipitation of p21 by a-Acetyl K antibodies (Figure 3b ). These data implied the possibility that the process of p21 acetylation might be linked with p21 stabilization. Since the above results indicated that p21 could be acetylated, we next carried out immunoprecipitation/mass spectrometry (IP-mass spec) analyses. IP-mass spec was performed using immunoprecipitated FLAG-p21 in the presence of exogenous Tip60 and revealed two potential acetylation sites, namely, lysine residues positioned at sites 161 and 163 in the C-terminus of p21 (Figure 3c ). Conversely, IP-mass spec of immunoprecipitated FLAG-p21 in the absence of Tip60 displayed no such results, as shown in Supplementary Figure 10 .
The two lysine sites identified by IP-mass spec are conserved across various mammalian species including human and mouse (Figure 4a ). Based on these observations, we constructed three point mutants of p21, K161R, K163R, and 2KR (K161R, K163R), which have arginines substituted for either one or both lysines at sites 161 and 163. There was no significant difference in the binding affinity of the mutants toward Tip60 (Figure 4b) ; however, none of the mutants was acetylated in the presence of Tip60 (Figure 4c ). As both lysine sites appeared to be necessary for the acetylation process, we decided to employ 2KR for further in vitro acetylation analyses. Accordingly, p21 WT and 2KR were expressed using the reticulocyte lysate system followed by the addition of recombinant GST-Tip60 with or without acetyl-CoA. The data showed that only p21 WT but not 2KR was acetylated under these conditions, further confirming that sites 161 and 163 of p21 are targeted by Tip60 for acetylation (Figure 4d ). To more accurately study p21 acetylation, we developed antibodies (a-AcK161/163-p21) that specifically identify the acetylated form of p21 at sites 161 and 163 by employing acetylated p21 C-terminal peptides as antigens. These antibodies are able to detect only acetylated p21 in the presence of Tip60 (Figure 4e, lanes 1-3) . Since there was a substantial increase in p21 levels with Tip60 WT co-expression compared with those in the control or HAT mut, acetylated p21 levels were further detected with concomitant MG132 treatment. The results showed that, even with the increased levels of p21 in the presence of MG132, p21 coexpressed with Tip60 exhibited acetylated forms, while others did not (Figure 4e, lanes 4-6) . Finally, using an in vitro acetylation analysis as shown in Figure 4f , we were able to detect the acetylated form of p21 in WT p21 but not in 2KR using a-AcK161/163-p21 antibodies, further confirming the acetylation of p21 at sites 161 and 163 (Figure 4f ). In conclusion, we were able to detect p21 acetylation sites at 161 and 163 lysine residues employing IP-mass analyses. Using anti-acetylated p21 as well as anti-acetylated lysine antibodies, the p21 acetylated forms were detected in the presence of Tip60, thereby validating the IP-mass spec findings.
p21 acetylation at sites 161 and 163 is required for stabilization of functional p21 after DNA-damaging stress. We next investigated the physiological importance of p21 acetylation at lysine sites 161 and 163. Treatment of HCT116 p53
þ / þ cells with sublethal amount of ADR increased p21 protein abundance with simultaneous increase of p21 mRNA (Figure 5a ). Under Tip60 ablation, on the other hand, the protein levels of p21 were drastically decreased without much effect on mRNA levels (Figure 5a ). There was no change in the protein levels of p53 with or without Tip60. Similar observations were obtained using HCT116 and U2OS cells, with different DNA-damaging agents such as etoposide (Supplementary Figure 11) . In accordance with these data, the half-life of p21 was also decreased in ADR-treated cells under Tip60 depletion (Figure 5b) . Next, the status of p21 acetylation under various different conditions was tested. The results showed that acetylated p21 detected using a-AcK161/163-p21 antibodies were only observed with ADR treatment but not with MG132 ( Figure 5c ). Conversely, the stabilization of p21 was completely abolished by the absence of Tip60, possibly due to the lack of acetylated p21 (Figure 5d ). One possible After immunoblotting of WCLs, acetylated p21 was detected using a-AcK161/163-p21, and total p21 levels were detected using anti-HA antibodies. (f) In vitro acetylation of p21 detected by a-AcK161/163-p21 antibodies demonstrating Tip60-mediated acetylation of p21 at sites 161 and 163. In vitro acetylation assays were performed as described in (d). Acetylated p21 was identified using a-AcK161/163-p21 antibodies explanation for the increase of p21 acetylation by Tip60 under ADR-induced DNA damage is that the levels of p21 binding to Tip60 were increased upon DNA damage (Supplementary Figure 12a) . Consistent with these observations, the binding between Tip60 and its substrate p53 is increased upon DNA-damaging stress as reported previously. 22 Since p21 levels were decreased upon treatment of cells with a lethal amount of ADR, we further tested whether p21 could still interact with Tip60 under these conditions. The results showed that under lethal conditions, binding of p21 to Tip60 was significantly reduced, while binding of p53 to Tip60 was unchanged ( Supplementary  Figure 12b) . These results were consistent with observations that the amount of acetylated p21 drastically decreased under lethal conditions (Supplementary Figure 13) . It is not currently known how these processes occur under various DNA-damaging conditions. Finally, as expected, Tip60 ablation eradicated ADRinduced cell-cycle arrest, which is prompted by the induction of p21 (Figure 5e ). Here, either Tip60 or p21 ablation prevented cells from going through G1 arrest. Likewise, Tip60 depletion fully induces the decrease in p21 protein levels under DNA damage and disrupts the damage-induced cell-cycle arrest in IMR90 primary human fibroblasts (Supplementary Figure 14) . Overall, these data suggest that the presence of Tip60 and its ability to acetylate p21 are necessary post-translational modifications for DNA damageinduced cell-cycle arrest. Under lethal conditions, however, the process of acetylation of p21 by Tip60 was blocked. In conclusion, stabilization of p21 upon its induction by DNAdamaging agents requires p21 acetylation activity of Tip60.
The acetylation of p21 counteracts the ubiquitination process of p21. We next generated an acetylated p21 mimetic, named 2KQ, by replacing the lysine residues at positions 161 and 163 with glutamine. First, when CHX was employed to measure the half-life of p21 and 2KQ, the mimetic form, 2KQ exhibited consistent resistance against the degradation process ( Figure 6a ). As shown in Figure 2f , ubiquitin analyses of p21 and 2KQ were carried out in the absence of any specific E3 ligase. The results showed that 2KQ was almost completely resistant to the ubiquitination processes, suggesting that lysine sites 161 and 163 might be simultaneously targeted by ubiquitination (Figure 6b ). The binding affinity of 2KQ for Tip60 was not significantly different from that of WT (Figure 6c ). However, 2KQ levels were not affected by the presence of Tip60 (Figure 6d) . The half-life of p21 protein in the presence of Tip60 was similar to that of 2KQ. On the other hand, the presence of Tip60 had no apparent effect on the 2KQ protein stability (Figure 6e) þ / þ cells transfected with control siRNA or Tip60 #1 siRNA were treated with 1 mM ADR before harvest, after which the abundance of acetylated p21 was identified as described in (d). (e) Tip60 ablation disrupts ADR-induced G1 cell-cycle arrest. RNAi-mediated Tip60-depleted HCT116 p53 þ / þ cells were treated with ADR for 24 h before harvest. The cells were stained with propidium iodide and cell-cycle populations were determined by fluorescenceactivated cell sorting analysis Tip60-mediated acetylation of p21 M-S Lee et al ubiquitin and stabilization analyses of p21, K161R, K163R, and 2KR. Both K161R and K163R mutants showed reduced levels of ubiquitination, even with more p21 expressed compared with the WT, suggesting that these sites might function additively (Supplementary Figure 15a) . The role of lysines in inducing p21 ubiquitination and subsequent degradation was further analyzed by measuring the halflives of the mutants. As expected, 2KR and 2KQ were completed protected against degradation upon treatment with CHX while K161R and K163R were partially protected from degradation (Supplementary Figures 15b) . It seems that both the 161 and 163 lysine sites might contribute additively to ubiquitination labeling.
MKRN1 has been shown previously to induce p21 degradation through ubiquitination and subsequent proteasome-dependent degradation without affecting mRNA levels. 13 Introduction of MKRN1 induced the degradation of exogenous p21 protein, which was completely reversed by the addition of exogenous Tip60 (Supplementary Figure 16a) . On the other hand, HAT mut did not protect p21 from MKRN1-mediated degradation (Supplementary Figure 16b) . Furthermore, when MRKN1-mediated degradation of 2KQ was compared with that of the WT, only 2KQ was completely protected from degradation (Supplementary Figure 16c) . Consistent with the degradation data, the presence of Tip60 almost completely diminished MKRN1-mediated ubiquitination of p21 (Supplementary Figure 16d) . It seems that there was not much difference in binding affinity between MKRN1 and WT, or 2KQ (data not shown). Finally, using WT or 2KQ, ubiquitination analyses were further performed in the presence or absence of MKRN1. The data indicated that only 2KQ was extensively blocked from ubiquitination with or without MKRN1, implying that 161 and 163 sites might be simultaneously targeted by ubiquitination and as acetylation (Supplementary Figure 16e) . In summary, these data show that Tip60 inhibited E3 ligase-dependent ubiquitination and degradation of p21. Furthermore, the observations that the 2KQ mutant was completely resistant to ubiquitination by MKRN1 or by other E3 ligases implied that the acetylation and ubiquitination sites of p21 might overlap.
An acetylated p21 mimetic potently induces cell-cycle arrest, growth inhibition, and senescence. To analyze the function of the acetylated form of p21, stable cell lines of p21 À / À MEFs expressing WT p21 or 2KQ, as well as vector control, were established using a retroviral system. Population doubling analyses showed that p21 À / À MEFs expressing 2KQ stopped proliferating after the fifth passage, while p21 À / À MEFs with or without WT p21 were capable of proliferating past seven passages (Figure 7a ). Western blot data of these cell lines showed that expression levels of 2KQ were increased compared with those of the WT (Figure 7b) . These results corroborated the previous data showing that 2KQ is more stable than WT p21 ( Figure 6 ). The significant accumulation of cyclin D1 in p21 À / À MEFs expressing 2KQ was expected due to cell-cycle arrest at the G1 phase. Likewise, 2KQ-expressing cells were arrested at the G1 stage by a margin of 20% compared with WT p21-expressing cells (Figure 7c) . Finally, SA-b-gal staining assays showed that 2KQ-overexpressing cells had a threefold increase in the number of senescent cells compared with WT p21 or p21 null cells (Figure 7d ), lending further support to the data in Figure 7 . Taken together, these observations suggest that the acetylated form of p21 (tested here in a mimetic form) has enhanced tumor suppressor activity due to the induction of cell-cycle arrest at the G1 phase. Figure 6 The acetylated p21 mimetic mutant is highly stable and protected against ubiquitination. (a) Prolonged stabilization of 2KQ compared with that of WT p21. Plasmids expressing HA-p21 and HA-2KQ were expressed in H1299 cells, after which CHX was added for 0, 1, 2, 4, 6 h. The resulting WCLs were then subjected to immunoblotting. (b) An acetylated p21 mimetic mutant is poorly targeted by general E3-ubiquitin ligases. H1299 cells were transfected with plasmids expressing HA-p21, HA-2KQ, and His-Ub. After MG132 treatment, ubiquitination assay was performed. Ubiquitinated forms of p21 were detected by anti-p21 mouse antibodies (upper panel), while expression of total levels of p21 are indicated in the bottom panel. (c) The binding affinity of 2KQ is similar to WT p21 toward Tip60. Plasmids expressing HA-p21, HA-2KQ and FLAG-Tip60 were transfected in 293T cells. The cell's extracts were inmmunoprecipitated with anti-HA antibodies. (d, e) p21 but not the acetylated p21 mimetic mutant 2KQ is stabilized by Tip60. H1299 cells were transfected with plasmids expressing HA-p21, HA-2KQ and Tip60 as indicated. The half-life of p21 and 2KQ were employed as described above
Discussion
The acetylation of p21 has often been suspected to be one of the main post-translational modification pathways of p21. Although this possibility has been supported by the results of previous investigations, the acetyltransferase has been unidentified, and thus the physiological importance remains unclear.
Here, we identify that Tip60 could acetylate p21 on 161 and 163 lysine sites. Tip60 acetylates p53 at lysine 120 under lethal conditions, which is an indispensable process that induces cell death by activating Bax and PUMA transcription. 22, 23 As Tip60 also activates p21, Tip60 would seem to be involved in both cell death and cycle arrest processes. It has been well established that cell-cycle arrest induced by p21 upregulation could prevent or delay the apoptosis induced by p53 stimulation.
3 Tip60 activation of both pathways would seem to be contradictory with the already accepted hypothesis, which raises some questions. One interesting observation is that the interaction between Tip60 and p21 becomes weakened under lethal conditions ( Supplementary  Figure 12b) . The acetylation of p21 is consistently attenuated, possibly destabilizing endogenous p21. The inhibition of p21 transcription under lethal conditions, and thus the prevention of the de novo synthesis of p21, also contributes to p21 attrition (Supplementary Figure 13) . [35] [36] [37] While the reasons for the decrease in the interaction of Tip60 and p21 under lethal conditions are not clear, the possibility of unknown factors participating in these regulatory mechanisms could not be excluded.
There are other questions that still need to be addressed. For example, the induction of p21 by Tip60 or TSA could be either transcriptional or post-translational based on different cellular contexts. Levels of p21 in U2OS were affected by Tip60 depletion but not by TSA treatment. Despite the questions raised in this study, we expect that these observations of Tip60-mediated p21 acetylation might extend our knowledge of how cells could cope with environmental stresses, both moderate and lethal, through various degrees of regulatory responses. Materials and Methods siRNA-mediated ablation of Tip60. To ablate Tip60, three different Tip60 siRNAs were designed as described previously 22, 38 and provided by Qiagen (Valencia, CA, USA): Tip60 #1 (5 0 -GTACGGCCGTAGTCTCAAGAA-3 0 ), Tip60 #2 (5 0 -ACGGAAGGTGGAGGTGGTTAA-3 0 ), and Tip60 #3 (5 0 -GGGCACCATCT CCTTCTTT-3 0 ).
Mass spectrometry. To detect the acetylated p21 peptide and sites of acetylation, 293T cells were transfected with HA-p21-expressing plasmid alone or in combination with a Tip60-expressing plasmid and treated with 1 mM TSA (Sigma-Aldrich, St. Louis, MO, USA). WCLs were immunoprecipitated by anti-HA antibody and analyzed using SDS-PAGE. The gel was stained using a silver staining method for detection of p21. In-gel Arg-C digestion was performed as described previously. 39 The purified Arg-C digested peptides were analyzed using a LTQ-XL mass spectrometer (Thermo Finnigan, San Jose, CA, USA) coupled with an Eksigent-Nano-Ultra (Eksigent Technologies, Dublin, CA, USA). Tryptic peptides were applied to an in-house prepared analytic column (75 mm Â 12 cm) packed with 5mm C18 resin. A linear 35 min gradient was achieved from 97% solvent A (0.1% formic acid in H 2 O) to 60% solvent B (0.1% formic acid in ACN) at a flow rate of 300 nl/min. The separated peptide ions were electrosprayed into the nano-ESI source. The electrospray voltage was 1.8 kV, and normalized collision energy for MS/MS was 35%. All MS/MS spectra were acquired via a datadependent scan for fragmentation of the five most abundant spectra from the full MS scan. The repeat count for dynamic exclusion was set to 1, the repeat duration was 30 s, the dynamic exclusion duration was set at 180 s, the exclusion mass width was 1.5 Da, and the list of dynamic exclusions was 50. The acquired MS/MS spectra were indexed against IPI-HUMAN.v.3.70 protein databases. Mascot (Matrix Science Inc., Boston, MA, USA, version 2.2.1) searching was performed with the following parameters: enzyme, Arg-C; fragment ion mass tolerance, 1Da; parent ion tolerance, 2Da; miss cleavage site, 2; variable modification, oxidation of Met; fixed modification, alkylation of Cys and acetylation of Lys. The resulting MS/ MS spectra were validated by manual inspection of the target peptides.
Immunoprecipitation assay. Cells were lysed in a lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% Triton X-100, and 1 mM EDTA containing a protease inhibitor cocktail. The cell lysates were then incubated with 1 mg antibody for 2 h with gentle rotation followed by 30 ml protein G agarose (Peptron, Korea) for 2 h. The beads were washed three times with lysis buffer free of protease inhibitors, and the precipitated proteins were eluted in SDS sample buffer under boiling conditions. Proteins were analyzed by immunoblotting as described previously. 40 In vitro and in vivo acetylation assays. To detect acetylated p21 in vitro, protein acetylation assays were performed as previously described. 22 Briefly, HA-p21 and HA-2KR proteins were expressed in TNT Coupled Reticulocyte Lysate systems (Promega, Madison, WI, USA). Next, 2 ml of HAp21 or HA-2KR proteins and 1 mg of purified GST-Tip60 proteins were incubated with 20 ml reaction buffer containing 50 mM Tris-HCl (pH 7.9), 10% glycerol, 1 mM DTT, 10 mM sodium butyrate, and 5 mM acetyl-CoA (A2056, Sigma-Aldrich) at 30 1C for 1 h. Acetylated proteins were detected by immunoblotting using a-Acetyl K antibodies or a-AcK161/163-p21 antibodies.
To detect ectopically expressed or endogenous acetylated p21, cells were lysed in lysis buffer containing 5 mM TSA and 0.3% SDS. The cell lysates were combined with 5 ml of a-Acetyl K antibodies or 10 ml of a-AcK161/163-p21 antibodies and then incubated overnight with gentle rotation. Afterwards, 30 ml of protein G agarose beads were added and incubated for an additional 2 h. Beads were washed three times using lysis buffer, and the precipitated proteins were eluted in SDS sample buffer under boiling conditions. The acetylated p21 was detected by immunoblotting using anti-p21 antibodies.
Reverse transcription (RT)-PCR analysis. Using Trizol reagent (Invitrogen, Carlsbad, CA, USA), total RNA was prepared, and cDNA was amplified using 1 mg of total RNA as previously described. 13 cDNA was analyzed using QuantiTect SYBR Green PCR Kit and real-time PCR (Rotor-Gene Q 2plex, Qiagen). . Propidium iodide (P4170), CHX (C4859), trypan blue (T8154), SAHA, sodium butyrate and dimethyl sulfoxide were purchased from Sigma-Aldrich. MG132 was purchased from Calbiochem (San Diego, CA, USA), and adriamycin was purchased from Duchefa (Haarlem, The Netherlands). HA-p21 and FLAG-p21 were constructed in pcDNA3 as described previously. 13 Deletion mutants of p21, the KR mutants and the 2KQ mutant were generated by polymerase chain reaction (PCR) and constructed into pCS3-MT-BX, pcDNA3-HA and pcDNA3-FLAG. p21, 2KR, and 2KQ cDNA were also subcloned into pBABE-puro. p3XFLAG-CMV-Tip60 and p3XFLAG-CMV-HATmut were kindly provided by SH Baek (Seoul National University, Korea). DHAT cDNA was prepared by PCR and subcloned into p3XFLAG-CMV. Deletion mutants of Tip60 were also generated by PCR and constructed into p3XFLAG-CMV. pcDNA3.1-MKRN1, and pcDNA3-FLAG-MKRN1, 13 pcDNA3-His-Ub 41 were described previously. pEGFP-C2 vector (Clontech, San Diego, CA, USA) was used as a transfection control.
Protein purification and GST pulldown. p21 cDNA was prepared using restriction enzymes (EcoRI and XhoI) and subcloned into the pET28a plasmid vector (Novagen, San Diego, CA, USA) that contained a hexa-histidine tag at the C-terminus. p21 protein was purified from Escherichia coli using Ni-NTA affinity chromatography (Qiagen) and size exclusion chromatography (Superdex 200; GE Healthcare, Buckinghamshire, UK). GST-Tip60 protein was purified from bacteria using GST Sepharose beads according to the manufacturer's protocol (GE Healthcare). As indicated, His-p21 was incubated with GST or GST-Tip60 for 2 h, followed by addition of GST Sepharose beads and 2 h of incubation. Finally, the beads were washed and eluted in 10 mM reduced glutathione.
Ubiquitination assay. To validate the ubiquitinated forms of p21, the ubiquitination assay was conducted under the denaturation condition as described previously. 13 Briefly, cells were lysed in 6 M guanidium-HCl buffer (pH 8) containing 5 mM N-ethylmaleimide (NEM; Sigma-Aldrich) to interfere with deubiquitination. Using Ni 2 þ -NTA beads (Qiagen), His-ubiquitin-conjugated proteins were pulled-down and washed.
To detect endogenous p21 ubiquitination under denaturation, cells were lysed in PBS containing 1% SDS and 5 mM NEM and then boiled for 10 min. WCLs were immunoprecipitated with anti-p21 antibodies in lysis buffer (a final concentration of 0.1% SDS). For immunoblotting, proteins were transferred to PVDF membranes and denatured using 6 M guanidine-HCl containing 20 mM Tris-HCl (pH 7.5), 5 mM mercaptoethanol, and 1 mM PMSF for 30 min at 4 1C. Ubiquitinated p21 was identified by HRP-conjugated anti-Ub antibodies (FK2, PW0150, biomol).
Retroviral transduction.
To develop stable p21-and 2KQ-expressing cell lines, the respective cDNAs were subcloned into a pBABE-puro plasmid, which has a puromycin resistance gene. 293T cells were transfected with pBABE (control), pBABE-p21, or pBABE-2KQ together with VSV-G and a gag-polexpressing vector followed by incubation for 48 h in order to produce packaged retroviruses. p21 null MEF cells were infected with the packaged retroviruses expressing p21 or its mutants. Finally, to select for retrovirus infected cells, cell lines were incubated in 2 mg/ml Puromycin (Sigma-Aldrich).
Cell culture and transfection. HCT116 p53 þ / þ , HCT116 p53
(kindly provided by Dr. B Vogelstein, Johns Hopkins University, Baltimore, MD, USA), H1299, HeLa, 239T cell lines, and p21 null MEF 42 were maintained in Dulbecco's Modified Eagle's Medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Thermo Scientific, Franklin, MA, USA). All cell lines were incubated in 5% CO 2 at 37 1C. Plasmid DNA was transfected using Lipofectamine 2000 (Invitrogen), and the siRNA was transfected using Lipofectamine RNAiMAX according to the manufacturer's protocol.
FACS analysis.
To analyze cells in a given cell-cycle phase, cells were fixed in 70% ethanol and incubated with 100 mg/ml of RNase A (Qiagen) for 30 min, followed by 10 mg/ml of propidium iodide (Sigma-Aldrich) for 30 min. Cell-cycle analysis was performed using a FACScan apparatus (BD Biosciences, Franklin Lakes, NJ, USA).
SA-b-galactosidase assay. For staining of senescent cells, a senescence detection kit (#K320-250, BioVision, Mountain View, CA, USA) was used. Briefly, plated cells were washed with PBS and then fixed with fixation solution for 15 min at RT. Cells were washed two times with PBS and then incubated with staining solution overnight at 37 1C. The stained cells were observed and manually counted using a microscope.
Statistical data analysis. To validate the significance of differences between groups, one-way ANOVA and the unpaired two-tailed t-test were applied via Prism (version 5.0; GraphPad, La Jolla, CA, USA).
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